LaNiO 3 cuboid particles were successfully synthesized by the solgel method in the presence of molten chlorides. The precursor gels derived from the La(NO 3 ) 3 and Ni(CH 3 COO) 2 solution were heated with molten chloride, NaCl or KCl, above the melting point of respective molten salts. The formation reaction of LaNiO 3 was completed below the melting point of these chlorides, and then crystal growth process might be facilitated in liquid phase provided by the molten chlorides due to an increase in the masstransportation rate. The formation of the submicron to micron-sized LaNiO 3 cuboid particles, which are enclosed by {100} facets of pseudocubic perovskite, is confirmed by the electron microscope observations and the electron diffraction analysis.
Introduction
Lanthanum nickel oxide (LaNiO 3 ) which is an important perovskite-type oxide with metallic conductivity has attracted considerable attention as an electrode material for ferroelectrics random access memories. 1) 3) In LaNiO 3 , the nickel ion exists as a low-spin state with the nominal electronic structure of t 2g 6 e g 1 , and the broad, partially occupied conduction band ·* formed by the hybridization of the nickel e g orbitals and the oxygen p orbitals gives rise to a metallic conductivity. 4) LaNiO 3 is known to have rhombohedrally distorted perovskite structure, and the lattice parameters of the rhombohedral unit cell and the pseudocubic unit cell are a = 5.46 ¡ and ¢ = 60.8 o and a = 3.84 ¡, respectively. 4) , 5) Since the lattice constant of LaNiO 3 is close to that of the important perovskite ferroelectric materials such as lead zirconium titanate (PZT), LaNiO 3 is one of the promising candidates of the oxide electrodes for thin-film ferroelectric devices. Moreover, it was demonstrated that the orientation of the ferroelectric thin films is influenced by the orientation of the bottom electrodes, and thereby the electrical properties, especially the fatigue properties, of these thin-film ferroelectrics could be significantly improved by modifying the microstructure of the LaNiO 3 buffer layer.
1)3),6), 7) In addition to the formation of crystallographically and chemically compatible interface between ferroelectrics and substrates, 2),7) the effects arising from the strained epitaxial interface can contribute to the improvement in the electrical properties.
3) Hence, an importance of the design of epitaxial interface between ferroelectrics and substrates should be recognized. Now, we attempt to develop three-dimensional (3D)-structure composite materials with the epitaxial interface by utilizing LaNiO 3 particles as substrate particles for an application to 3D electronic devices such as large-capacitance capacitors. For this purpose, the morphological control, in other words, facet control of LaNiO 3 particles is considered to be necessary to introduce the epitaxial interface. While the orientation control of LaNiO 3 thin films have been intensively studied, there are a few reports on morphological control of LaNiO 3 particles. 8),9) It is known that a thermal decomposition of LaNiO 3 occurs at a temperature above 980°C in air, 10)13) and thus synthesis methods are limited to low-temperature methods such as a metalorganic decomposition method, 14) a pulsed laser ablation, 15),16) a radio-frequency magnetron sputtering, 2),17) and a chemical solution deposition method (solgel method). 18)20) A molten salt synthesis is one of the versatile routes to synthesize single-metal oxides and complex oxides with high crystallinity and is capable of morphological control of resultant particles. Actually, various kinds of highquality La-based perovskites were successfully synthesized by the molten salt synthesis. 21 ), 22) There are a few reports on LaNiO 3 particles with specific morphologies prepared by the molten salt synthesis using chloride or carbonate but the detailed study on microstructure of synthesized LaNiO 3 particles has not been carried out. 5),9),11), 23) In this report, we attempted to synthesize the LaNiO 3 particles enclosed by the crystal facets and investigate the microstructure of the resultant particles. The cuboid LaNiO 3 particles were synthesized by the solgel method in the presence of molten chlorides, NaCl or KCl, and the microstructural observations were carried out. .0%] were dissolved in 2-methoxyethanol (Wako Pure Chemical, 99.0%). The mixed solutions were added to 2.5 g of NaCl (Wako Pure Chemical, 99.5%) in crucibles. After drying these solutions at 120°C overnight, the samples were heated at 600900°C for 4 h with a heating rate of 5°C/min. Then, molten salts were completely removed by washing with water and then dried at 80°C. Finally, the black sample powders were obtained.
Experimental procedures

Preparation of LaNiO 3 particles
To investigate a role of the molten chlorides, the reference samples were also prepared by the typical solgel process without molten salt. In addition, the sample powder was also synthesized in molten KCl (Wako Pure Chemical, 99.5%) to investigate the influence of kinds of molten chlorides. The precursor solution was prepared by dissolving 5 mmol of La(NO 3 ) 3 ·6H 2 O and 5 mmol of Ni(CH 3 COO) 2 ·4H 2 O in 2-methoxyethanol as described above were dried at 120°C overnight without molten salt and with 2.5 g of KCl. The precursors were heated at 900°C for 4 h in air and then the sample was obtained after removing KCl by washing with water.
Characterization
Crystal structure of the samples was identified by the X-ray diffraction (XRD) measurement using Cu K¡ irradiation (Ultima IV, Rigaku). Thermal decomposition behavior of the precursor gel was examined by thermogravimetry-differential thermal analysis (TGDTA, DTG-60, Shimadzu). Microstructures of the sample powders were observed by a scanning electron microscope (SEM; JSM-6510, JEOL) and a filed-emission transmission electron microscope (FE-TEM; Osiris, FEI), which was operated at 200 kV.
Results and discussion 3.1 Synthesis of LaNiO 3 in molten NaCl
After drying the mixed solution of La(NO 3 ) 3 ·6H 2 O and Ni(CH 3 COO) 2 ·4H 2 O at 120°C, we obtained amorphous precursor gel. Figure 1 shows the XRD patterns of the sample powders prepared by heating the precursor gel mixed with NaCl at 600 900°C for 4 h in air with a heating rate of 5°C/min in air. According to the results of XRD measurements, LaNiO 3 with a cubic perovskite structure was formed for the samples heated at 600 and 750°C, while a rhombohedral LaNiO 3 perovskite was obtained for the sample heated at 900°C. A formation of a small amount of NiO is also suggested by the XRD measurements. The XRD peaks for the LaNiO 3 powder heated at 900°C are relatively sharp compared to the powders heated at 600 and 750°C, suggesting that the size of LaNiO 3 crystallites drastically increases by heating at higher temperature than the melting point of NaCl. TGDTA curves of the precursor gel without molten chlorides are shown in Fig. 2 . An abrupt weight loss occurs from room temperature to 360°C accompanied by two exothermic peaks on DTA curve. This weight loss up to approximately 50% can be attributed to evaporation of solvent, decomposition of nitrate, and combustion of organic species contained in the precursor gel.
24)26) From Fig. 1 , a formation reaction of LaNiO 3 occurs at least at 600°C and is assumed to be completed at around 720°C because the weight loss of the sample powder ended at 720°C and no peak can be found on the DTA curve above 720°C. Thus, the LaNiO 3 particles have been synthesized before the temperature reached to the melting point of NaCl. In addition, according to the TG analysis, the weight loss of the synthesized LaNiO 3 particles in molten chlorides is up to approximately 0.35% by 700°C, indicating the organic species were decomposed during the molten salt synthesis. We also confirmed that there is no residual organic species derived from the starting materials in the LaNiO 3 samples by a Fourier transform infrared (FT-IR) analysis (data not shown here). Figure 3 shows SEM images of the LaNiO 3 particles obtained by heating the precursor gel mixed with NaCl at 600900°C for 4 h in air. It can be found that the size of LaNiO 3 particle heated at 900°C, which is ranged from sub-micrometer to micrometer, is much larger than the LaNiO 3 particles heated at 600 and 750°C. Additionally, morphologies of the LaNiO 3 particles depend largely on heating temperatures; the LaNiO 3 cuboid particles were synthesized at a heating temperature of 900°C which is higher than the melting point of NaCl (801°C). In a liquid phase provided by the molten salts, as a mass-transport rate of ions significantly increases, a formation reaction can be facilitated and thus progressed at lower temperature compared to a solid-state synthesis. 27) Crystal growth is also facilitated in liquid phase and particles grow by consuming smaller particles, that is, Ostwald ripening mechanism. 28), 29) In present system, since the LaNiO 3 particles were formed below the melting point of NaCl, the molten salt facilitates the crystal growth process of LaNiO 3 rather than the formation reaction. During heating at 900°C, crystal growth may occur through the dissolution and reprecipitation of LaNiO 3 and the morphology of the LaNiO 3 particles changes to cuboid reflecting the pseudocubic crystal structure of LaNiO 3 due possibly to reduce the surface energy. As a result, the high-crystallinity LaNiO 3 particles enclosed by the facets were synthesized in molten NaCl.
Effect of molten chlorides on microstructures
To investigate the role of molten salt and the influence of kinds of molten chlorides used for the synthesis, we synthesized the LaNiO 3 powders by heating the precursor gels with and without molten salts, NaCl or KCl, at 900°C for 4 h in air. XRD patterns of the resultant sample powders are shown in Fig. 4 . The LaNiO 3 with a rhombohedral perovskite structure was formed in the presence or absence of molten chlorides. The XRD peaks caused by 110 and 012 crystal planes of the rhombohedral LaNiO 3 are clearly separated for the samples synthesized in molten chlorides, while a separation of the corresponding XRD peaks for the samples synthesized without molten salt is indistinct. All of the XRD peaks for the samples synthesized without molten salt are broader than the others. Therefore, the LaNiO 3 particles synthesized in the absence of molten chlorides consist of smaller crystallites and it is suggested that the crystal growth of the LaNiO 3 particles is facilitated in the molten chlorides above the melting points of NaCl (801°C) and KCl (776°C). Figure 5 shows SEM images of the LaNiO 3 particles synthesized by heating the precursor gels with and without molten chlorides at 900°C for 4 h in air. By adding molten chlorides, the morphologies of the LaNiO 3 particles are clearly changed to the well-faceted particles and the size of particles increase by the Ostwald ripening in the liquid media provided by the molten chlorides. The cuboid particles were synthesized both in the molten NaCl and KCl, whereas the size of LaNiO 3 particles depends on the kinds of the molten chlorides. Vradman et al. demonstrated that the kinds of the molten chlorides dominate nucleation and crystal growth rate ratio and thereby the shape and size of the particles for the molten-salt synthesis of LaMnO 3 , and indicated that the melting point of the selected molten chlorides is one of the important factors. 22) In our case, the difference in melting points between NaCl and KCl can be ignored because the formation reaction of LaNiO 3 was completed well below their melting points. We assume that the solubility of LaNiO 3 to molten chlorides might be the dominant factor associated with the particle size. In Fig. 5 the size of the LaNiO 3 particles synthesized in molten NaCl is larger than the particles synthesized in molten KCl, and thus crystal growth of LaNiO 3 due to the Ostwald ripening is assumed to be more rapid in molten NaCl because the solubility of LaNiO 3 to molten NaCl is much higher than molten KCl.
To identify the crystal facets of the cuboid LaNiO 3 particles, we tried to analyze the synthesized LaNiO 3 nanocrystals by FE-TEM and electron diffraction analysis. Figures 6(a) and 6(c) shows FE-TEM images of the LaNiO 3 particles synthesized by heating the precursor gels mixed with NaCl and KCl at 900°C for 4 h in air, respectively, and the corresponding electron diffraction patterns are shown in Figs. 6(b) and 6(d). It can be clearly seen that the cuboid particles enclosed by the crystal facets were obtained both in NaCl and KCl, and both the electron diffraction images indicate the single-crystal spot patterns. The electron diffraction patterns suggest that both of LaNiO 3 particles are enclosed by {100} facets of the pseudocubic LaNiO 3 . The {100} plane of the pseudocubic LaNiO 3 may be the most energeticallystable plane both in the molten NaCl and KCl and thus the morphology of the LaNiO 3 is independent of the kinds of molten chlorides. In further studies, we try to control the size and sizedistribution of the LaNiO 3 particles by modifying molten salts and synthesis conditions and to fabricate the composite materials with the epitaxial interface.
Conclusion
The LaNiO 3 cuboid particles with high crystallinity were synthesized by the solgel method in the presence of NaCl and KCl. Formation reaction was completed at around 720°C under the melting point of these molten chlorides, and it is suggested that the molten chlorides facilitated the crystal growth process of LaNiO 3 by the Ostwald ripening mechanism. In the presence of the molten chlorides, the submicron to micron-sized LaNiO 3 cuboid particles were obtained and are enclosed by {100} facets of the pseudocubic perovskite regardless of the kinds of molten chlorides according to the FE-TEM observation and the electron diffraction analysis. In contrast, the size of the LaNiO 3 particles depends on the kinds of molten chlorides due possibly to the difference in the solubility of LaNiO 3 to molten chlorides dominating the crystal growth rate. 
